INTRODUCTION
The ultrastructural characteristics of glucagon release by the A cells (or A2 cells) of the islets of Langerhans are poorly understood. Several authors have suggested that release occurs through intracytoplasmic dissolution of the secretory granules (1) (2) (3) (4) , while others have proposed that granules are extruded by exocytosis (5) (6) (7) (8) (9) (10) .
In the present study, we have attempted to clarify this issue by simultaneously studying the functional and morphological events involved in glucagon secretion from isolated islets. This was accomplished with biochemical measurement, with morphometric quantification of thin section preparations, and by employing freeze fracturing, a technique particularly suitable for the study of exocytotic events (11 Received for publication 2 December 1976 and in revised form 14 July 1977. 1 Since in normal rat islets the different islet cell types cannot be identified in freeze-fracture replicas, this morphological approach was made with rats treated with glibenclamide. This drug produces a marked degranulation of the insulin-containing B cells and allows the identification of B cells separately from the remaining granulated cells of the islets, which are primarily A cells (12) .
We have studied two conditions known to stimulate glucagon release: arginine that might be considered most representative of a physiological secretagogue and calcium deprivation which is a highly unphysiological condition that stimulates glucagon release (13) (14) (15) (16) . Since glucagon secretion is known to be calcium requiring in nearly all systems tested (17) (18) (19) (20) , it was of interest to test this paradoxical condition.
Our study demonstrated that arginine-stimulated glucagon release occurred predominantly by an exocytotic process, but when glucagon was released by calcium deprivation no evidence for exocytosis was found.
METHODS
Animals and islet preparation. Fed Wistar rats weighing 250-300 g were used. Where indicated, the rats were pretreated with a total of five i.p. injections (0.5 mg each) of glibenclamide (a gift from Hoechst A.G., Frankfurt, W. Germany) given at 12-h intervals, the last dose being administered 1 h before sacrifice. The rats were killed by decapitation. Three pancreases were used for each experiment and the islets were isolated by collagenase digestion (21) .
Incubation procedure. All incubations were carried out in a bicarbonate buffer (22) equilibrated with 02/C02 (95:5 vol/vol) and adjusted to pH 7.4. Added to the incubation medium were: albumin (0.5% wt/vol) and Trasylol (1,000 KIU/ ml, kindly donated by Bayer A.G., Wuppertal, W. Germany). The effect of 40 mM arginine (Merck, Darmstadt, W. Germany) was tested in the absence of added glucose in a medium with decreased NaCl (75%) content to maintain isoosmolarity. The effect of absence of calcium from the incubation medium (achieved by omitting calcium chloride and adding 1 mM EGTA [Fluka A.G., Buchs, Switzerland]) was studied at a glucose concentration of 16.7 mM.
In each experiment, 20-24 vials containing 20 islets in 1 ml of medium were incubated at 37°C for three successive periods. At the end of a first period of 20 min (equilibration period) the medium was discarded, and replaced by 1 ml of fresh medium. In the second or preincubation period (0-30 min) all vials contained the control medium. For the third or incubation period (30-60 min) half of the vials contained control medium, and the other half contained the test medium. Both preincubation and incubation media were collected and frozen for hormone assay. Moor and Muhlethaler (26) . The freezefracture replicas were cleaned in sodium hypochlorite for 2 h followed by dimethyl formamide (Merck, Darmstadt, W. Germany) for 20 min. The replicas were then rinsed in distilled water, mounted on copper grids and examined in a Philips EM 300 electron microscope. Morphometric evaluation in thin section preparations. Ultrathin sections from 12 selected islets from three different experiments (4 islets per experiment) were examined for changes caused by each incubation condition. Six micrographs of A cells chosen at random were prepared from each of these islet sections (total: 6 x 12 = 72) and evaluated at two initial magnifications: x5,100 and 9,200. Morphometric determinations were made with the "multipurpose test system" used on a table projection unit (27) .
The volume density, V,, of granules was determined at an initial magnification of x5,100 by point counting (27) : V, = PF granules/P, cytoplasm. P, represents the test points enclosed by a given profile. The numerical density, Nr, of granules was evaluated at an initial magnification of x5,100
by Nr = NT/PV */2 *d2.fD (27) , where Ni = number of secretory granules enclosed by a given profile, PT = number of the test points enclosed by the same given profile, d = length of the test line; and D = secretory granule diameter.
To check the number of granules in close contact with the plasma membrane (margination), we have exmained the rim of cytoplasm adjacent to this plasma membrane. The number of granules in close contact with the plasma membrane has been counted in the layer of cytoplasm within 480 nm of the membrane. The formula used was the same as that used for N, where Ni = number of secretory granules in close contact with the cell plasma membrane and PT = number of test points enclosed by a half-test line.
The diameters of the central core and of the external envelope ofthe secretory granules were determined on prints (final magnification: x27,600). A minimum of 600 granules was measured for each experimental condition. Mean val of these apparent diameters were corrected by 4/ir to ob true diameters (27) .
Quantitative evaluation on freeze-fracture repli Membrane faces of [25] [26] [27] [28] [29] [30] Both stimuli for glucagon secretion employed, i.e., arginine and the absence of calcium in the medium, significantly stimulated A-cell secretion (Table II) . Glibenclamide pretreatment in vivo did not alter these effects significantly, except that the absence of calcium was a more potent stimulus (expressed in percentage of content) for islets derived from glibenclamide-treated rats (Table II) Glucose, 16 .5 mM n = 22 n = 23 n = 9 n = 9 n = 9
For biochemical data, n = number of vials (20 islets/vial); for morphometric determinations; n = number of islets. * Islets were obtained from glibenclamide-treated rats. The experimental protocol is the same as that reported in Methods except that the incubation time is reduced to 10 min.
FIGURE 5 Freeze-fracture replica of the periphery of an isolated islet incubated for 30 observed in untreated islets (Table II) . By contrast, arginine seemed to be a relatively more potent insulin-releasing agent in islets from glibenclamidetreated rats than in islets from untreated animals. Electron microscopy of A cells. Electron microscopic appearance of the A and B cells from islets isolated from untreated rats (Fig. 1) corresponded to that reported in islets examined in the whole pancreas (9, 28) . Glibenclamide treatment resulted in a marked degranulation of the B cells (Fig. 2) but did not affect the general appearance of the A cells (Fig. 2) .
After 30 min incubation with 40 mM arginine, A-cell secretory granules were often seen in close contact with the cell plasma membrane (Fig. 3) and some of them were found in the process of being extruded into the extracellular space. Although the general appearance of the A cell was normal, the nuclear and cytoplasmic matrixes of the A cells were more dense.2 As has been previously described (29) , the incubation of islets in a medium devoid of calcium (Fig. 4) resulted in an enlargement of the extracellular space. The intracellular organelles of A cells appeared unaffected however and secretory granules were rarely seen in close contact with the cell membrane.
Morphometry of A-cell secretory granules. Morphometric measurements related to A-cell secretory granules are reported in Table III . They were unaffected by glibenclamide treatment. After a 30-min incubation in the presence of arginine, the quantity of granules stored in the A cell was unchanged as determined by their volumetric (V,) and numerical (N,) density. By contrast, over the same incubation period, calcium deprivation significantly decreased both the numerical and volumetric density of the granules (Table III) . The size of granules was not significantly affected by either arginine or the absence of calcium (data not shown).
The "margination index" of secretory granules was significantly increased in A cells exposed to arginine, but was unaffected (untreated islets) or even slightly decreased (glibenclamide islets) after 30 min of incubation in a medium deprived of calcium. To test the possibility that a change in margination index could have occurred early in the 30-min incubation period in calcium-deprived media, we performed a comparable morphometric study on islets exposed for 10 min to a calcium-deprived medium. As shown in Table  IV (30) (31) (32) and in vivo (30) ; and the paradoxical influence of the absence of calcium previously studied in vitro (13) (14) (15) (16) .
In both conditions, the release of glucagon was significantly increased. Moreover, and although tested in unpaired experiments, the presence of glucose clearly suppressed A-cell secretion as generally observed in vivo and in vitro (22) .
The freeze-fracturing techniques used in this study required a preparation rich in A cells in which this cell type could be easily distinguished from the more frequent insulin producing B cells. Islets were therefore obtained from rats treated with the B-cell depleting agent, glibenclamide, which did not substantially affect A-cell function. The model was, therefore, accepted as satisfactory to perform the morphologic analysis of A-cell secretion.
Under the influence of arginine, the granular store of A cells, measured ultrastructurally by the volumetric and numerical density of granules, remained statistically unchanged in spite of increased glucagon release. The data presented here do not allow to determine whether this is due to a lack of sensitivity of the morphometric technique or whether glucagon biosynthesis was stimulated to an extent which compensated for the released hormone.
Our results show that arginine stimulates exocytotic glucagon release since the "margination index" of secretory granules and the number of exocytotic stomata on A-cell membrane were both increased.
Furthermore, the magnitude of increase of glucagon secretion in response to the arginine stimulus was approximately of the same order of magnitude as the increase in the two morphologic parameters of exocytosis (Tables II, III , and V). This indicates that exocytosis represents a significant mechanism of glucagon secretion secondary to arginine stimulation.
The second experimental condition studied, i.e., a medium deprived of calcium, was a potent stimulus in isolated islets. To our surprise, however, this glucagon release, associated with a significant reduction of granule stores, was not accompanied by an increase in the morphologic parameters linked to granule extrusion. In view of these results, we have analyzed the influence of calcium deprivation on exocytosis after a shorter period of incubation (10 min). The results obtained followed the same pattern as those reported for a longer period of incubation. These data suggest therefore that the morphologic events involved in glucagon secretion are different from those seen with an arginine stimulus. We have not observed either qualitative or quantitative changes of the agranules after exposure to a medium deprived of calcium. In particular, we found no evidence for intracytoplasmic dissolution of a-granules as reported by others (1-4) .
Since it seems that calcium could play a role in the stabilization of the membrane (33) , it could theoretically be possible that glucagon release under this highly unphysiologic stimulus, i.e., deprivation of calcium, is due to a leakage through a more permeable membrane. If present, this change in membrane permeability affected A-and B-cell membranes in a diametrically opposed manner; indeed B-cell secretion was dramatically decreased while A-cell secretion was simultaneously increased in calciumdeprived media. In this context, it seems worthwhile to recall that calcium deposits observed by the pyroantimonate precipitation technique appear on different sites of A-and B-cell plasma membrane (29) .
It appears, therefore, that differences exist, with respect to the mode of action, between stimulation by arginine or by calcium deprivation. These differences emphasize the fact that if exocytosis is an important mode of glucagon release by the A cell, as suggested by our results and in agreement with previous nonquantitative data (5) (6) (7) (8) (9) (10) , this does not exclude the possibility that other mechanisms of release exist (1) (2) (3) (4) especially in the case of highly artificial conditions such as calcium deprivation.
